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THE EFFECT OF SURFACE CONTAMINATION 
ON CONTACT ANGLES A N D  SURFACE POTENTIALS 
Anthony M. Schwartz and Alf red  H. E l l i s o n  
ABSTRACT 
A s tudy  was conducted t o  determine t h t  e f f e c t  on con tac t  angles  and 
s u r f a c e  p o t e n t i a l s  of contaminants appl ied  t o  c l e a n  meta l  s u b s t r a t e s  and t o  
determine t h e  e f f e c t i v e n e s s  of c u r r e n t l y  used p r o p e l l a n t  tank  c leaning  proce-  
dures  i n  r e s t o r i n g  the c o n t a c t  ang le s  and s u r f a c e  p o t e n t i a l s  t o  t h e  va lues  
obta ined  on t h e  c l e a n  s u b s t r a t e s .  I n  a d d i t i o n ,  c o n t a c t  angle  d a t a  were 
obtai i led f o r  mercury on s i x  d i f f e r e n t  s u b s t r a t e s  over a range of tempera- 
t u r e s  from 25 - 15O0C. 
H a r r i s  Research Labora tor ies ,  I n c .  
SUMMARY 
This work i s  p a r t  of an o v e r a l l  study of t h e  behavior of l i q u i d s  
i n  space v e h i c l e  tanks under ze ro  g r a v i t y  cond i t ions .  I t  i s  
e s s e n t i a l l y  a con t inua t ion  of t h e  work r e p o r t e d  i n  NASA CR-54175 da ted  
December 31, 1964. It cons i s t ed  of t h r e e  s e p a r a t e  t a sks :  
1. Clean, f l a t , .  po l i shed  su r faces  of t h r e e  d i f f e r e n t  s t r u c t u r a l  mater- 
i a l s  were contaminated i n  a c o n t r o l l e d  manner by depos i t i ng  upon them i n  
t h i n  l a y e r s  each of seven d i f f e r e n t  t y p i c a l  organic  contaminants.  The 
r e s u l t i n g  twenty-one contaminated s u r f a c e s  were then contacted wi th  each of 
four  test l i q u i d s ,  and t h e  advancing and receding con tac t  ang le s  were 
measured. The s t r u c t u r a l  m a t e r i a l s  were: Type 301 s t a i n l e s s  s t ee l ,  Type 
u~~~~~ a l u ~ h u r n ,  and Grade 6 Eicanium a i i o y .  T h e  c m t a m i n a n t s  ivere: 
g r a p h i t e ,  s t e a r i c  a c i d ,  o l e i c  a c i d ,  mixed t r i s t e a r i n - t r i o l e i n ,  naphthenic 
o i l ,  p a r a f f i n  o i l ,  and a s p h a l t .  The t e s t  l i q u i d s  were: wa te r ,  a b s o l u t e  
e t h a n o l ,  unsymmetrical dimethylhydrazine (abbreviated UDMH), and fuming 
n i t r i c  a c i d ,  p r o p e l l a n t  type I I I B  (abbreviated IRFNA). 
cnc 1 -L 
Among t h e  test l i q u i d s ,  water showed the  h ighes t  con tac t  ang le s ,  
ranging over 90 degrees  (advancing) i n  most c a s e s .  Alcohol and UDMH showed 
advancing ang le s  a s  h i g h  as 25 degrees  on some of t h e  s u r f a c e s ,  bu t  a l l  
receding ang le s  and even some of t h e  advancing ang le s  were z e r o .  IRFNA, 
a f t e r  a v e r y  s h o r t  i nduc t ion  per iod during which i t  presumably r e a c t e d  wi th  
t h e  contaminant,  showed ze ro  angles  on a l l  t h e  s u r f a c e s .  
The d i f f e r e n c e s  among contaminants w i t h  regard t o  c o n t a c t  ang le  were 
r e l a t i v e l y  sma l l ,  t h e  except ion being g r a p h i t e  which was somewhat more 
w e t t a b l e  (lower c o n t a c t  ang le )  than t h e  o t h e r s .  
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I 
The underlying s u b s t r a t e  had r e l a t i v e l y  l i t t l e  e f f e c t  on t h e  c o n t a c t  
ang le ,  compared w i t h  t h e  dominant e f f e c t  of t h e  superposed contaminant.  
2 .  The e f f e c t i v e n e s s  of va r ious  cleaning procedures used by s p a c e c r a f t  
tankage manufacturers was s t u d i e d  by comparing t h e  c o n t a c t  ang le s  of t h e  
cleaned s u r f a c e s  w i t h  those of t h e  contaminated s u r f a c e s  be fo re  c l ean ing .  
The con tac t  ang le  measurements were supplemented by measurements of t h e  Volta  
p o t e n t i a l  ( su r face  p o t e n t i a l )  of t h e  contaminated s u r f a c e s  b e f o r e  and a f t e r  
c l e a n i n g .  
Task 1 above. Water and a b s o l u t e  e t h a n o l w e r e  t h e  tes t  l i q u i d s .  Cleaning 
procedures  and materials were s e l e c t e d  a f t e r  a n  e x t e n s i v e  survey of c u r r e n t  
manufacturing p r a c t i c e  among c o n t r a c t o r s  f o r  s p a c e c r a f t  and m i s s i l e  tankage. 
The c l ean ing  m a t e r i a l s  were a l s o  examined i n  t h e  l a b o r a t o r y ,  
and those  which marred t h e  po l i shed  su r faces  of t h e  uncontaminated metal 
specimens were e l imina ted  from cons ide ra t ion .  Eleven procedures were f n a l l y  
adopted f o r  u se  i n  t h e  program; f i v e  f o r  s t a i n l e s s  s teel  and t h r e e  each f o r  
aluminum and t i t a n i u m .  Judging from both c o n t a c t  ang le  and s u r f a c e  p o t e n t i a l  
measurements (which agreed reasonably w e l l  w i t h  each o t h e r )  t h e  c l ean ing  
S t r u c t u r a l  materials and contaminants were t h e  same as used i n  
procpd12res varied cons iderably  in their efficacy, &en the p""r"t of 
them, however, brought about s u b s t a n t i a l  removal of contaminant, wh i l e  t h e  
b e s t  d i d  not  b r i n g  t h e  s u r f a c e  t o  i t s  o r i g i n a l  uncontaminated s t a t e .  
3. The con tac t  a n g l e  of mercury on s i x  d i f f e r e n t  m a t e r i a l s  was measured 
a s  a f u n c t i o n  of temperature  over t h e  range 25-150OC. The m a t e r i a l s  were 
Type 347 s t a i n l e s s  steel ,  e l e c t r o l y t i c  n i c k e l ,  t ungs t en ,  chemical g l a s s  
(Corning No. 7740), fused  q u a r t z ,  and p o l y t e t r a f l u o r o e t h y l e n e  (Teflon, 
a b b r e v i a t e d  PTFE). 
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The con tac t  ang le s  were v e r y  h i g h  on a l l  t h e  s u b s t r a t e s ,  ranging a t  
equ i l ib r ium from about 130' t o  145'. Although t h e r e  were s i g n i f i c a n t  
d i f f e r e n c e s  between t h e  dynamic advancing and receding a n g l e s ,  equ i l ib r ium 
was r a p i d l y  achieved i n  a l l  systems and t h e  r e s i d u a l  h y s t e r e s i s  was n e g l i g i b l e .  
The temperature c o e f f i c i e n t  of t h e  con tac t  ang le  was very small  i n  a l l  t h e  
systems, and was p o s i t i v e ,  i . e . ,  t h e  contact  ang le  inc reased  s l i g h t l y  wi th  
i n c r e a s i n g  temperature.  The l a r g e s t  i nc rease  occurred w i t h  PTFE and amounted 
t o  about 15 degrees of ang le  over t h e  125 degree temperature  range explored. 
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INTRODUCTION 
I n  t h e  we igh t l e s s  environment p r e v a i l i n g  i n  space v e h i c l e s  t h e  behavior 
of a l i q u i d  i s  determined l a r g e l y  by i t s  c a p i l l a r y  behavior.  A c o n t r o l l i n g  
parameter of c a p i l l a r y  behavior i s  the con tac t  ang le  of t h e  l i q u i d  a g a i n s t  
t h e  s o l i d  m a t e r i a l  which forms i t s  con ta ine r  o r  condu i t .  Thus, a p r e c i s e  
knowledge of t h e  con tac t  ang le  is necessary i n  t h e  design of tankage 
systems f o r  t h e  v a r i o u s  l i q u i d s  used i n  s p a c e c r a f t .  These inc lude  water 
and an  a r r a y  of p r o p e l l a n t s .  The contact  ang le s  of s e v e r a l  such l i q u i d s  
a g a i n s t  t h e  commonly used s t r u c t u r a l  m e t a l s  have been p r e v i o u s l y  s t u d i e d  and 
1 r e p  or  t ed 
con tac t  ang le s  were i n  a l l  ca ses  e s s e n t i a l l y  zero.  I n  a c t u a l  p r a c t i c e ,  
however, i t  i s  d i f f i c u l t  t o  o b t a i n  and p rese rve  high c l e a n l i n e s s .  The me ta l  
s u r f a c e s  can e a s i l y  become contaminated by t h i n  l o c a l i z e d ,  e a s i l y  overlooked 
l a y e r s  of t h e  l u b r i c a n t s  and o the r  x g a n i c  a u x i l i a r i e s  used i n  f a b r i c a t i o n .  
It i s  t h e r e f o r e  a p r a c t i c a l  necess i ty  t o  know t h e  e f f e c t  such l a y e r s  may 
have on t h e  c o n t a c t  ang le s  of t h e  important l i q u i d s .  The f i r s t  t a s k  of t h e  
program ueLein desc r ibed  was t o  study t h i s  e f f e c t .  The metal  s u b s t r a t e s  
clioseii were s t a i n l e s s  s tee l ,  a ? ~ x l r ; ~ n :  3zd titini:~.  he t es t  l i q u i d s  were 
water, a b s o l u t e  e t h a n o l ,  unsymmetrical dimethylhydrazine (UDMH) and i n h i b i t e d  
r ed  fuming n i t r i c  a c i d  ( I R F N A ) .  
those l i k e l y  t o  be encountered i n  f a b r i c a t i o n .  They were s t e a r i c  a c i d ,  
o l e i c  a c i d ,  mixed t r i s t e a r i n - t r i o l e i n ,  naphthenic o i l ,  p a r a f f i n  o i l ,  a s p h a l t ,  
I n  t h a t  s tudy the me ta l s  were thoroughly c l e a n  and t h e  
The contaminants were s e l e c t e d  t o  r e p r e s e n t  
and g r a p h i t e .  
p l a n c h e t s .  
i t s  s t i c k i n g .  
A l l  except t he  g raph i t e  were a p p l i e d  t o  smooth po l i shed  
The g r a p h i t e  had t o  b e  app l i ed  t o  s a t i n i z e d  p l anche t s  t o  ensure 
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The f i n a l  procedure i n  manufacturing s p a c e c r a f t  tankage i s  a thorough 
c l ean ing ,  intended t o  remove contaminants .  S ince  t h i s  c l ean ing  leaves  t h e  
meta l  i n  i t s  f i n a l  s u r f a c e  s t a t e  be fo re  a c t u a l  loading and use ,  i t  i s  impor- 
t a n t  t o  a s c e r t a i n  i t s  e f f i c a c y .  The second t a s k  of t h i s  program was t o  
s e l e c t  a group of c l ean ing  procedures  c u r r e n t l y  being used by manufacturers  
of t h i s  equipment, and see how e f f e c t i v e l y  they  removed t h e  contaminants 
s tud ied  under Task 1. This  was done by determining t h e  changes i n  con tac t  
ang le  brought about by t h e  c l ean ing .  
t h e  changes i n  s u r f a c e  p o t e n t i a l  (Volta p o t e n t i a l )  were a l s o  measured. 
Sur face  p o t e n t i a l  can be n o t i c e a b l y  inf luenced  by even very smal l  changes iii 
s u r f a c e  s t a t e  ( i . e . ,  s u r f a c e  c l e a n l i n e s s ) .  
I n  a d d i t i o n  t o  t h e  c o n t a c t  angle  s t u d i e s ,  
The t h i r d  t a s k  of t h e  program r e l a t e d  t o  t h e  s t o r a g e  and d e l i v e r y  o f  
l i q u i d  elemental  mercury, used a s  a p r o p e l l a n t  i n  c e r t a i n  i o n  engines .  The 
con tac t  angle  o f  mercury a g a i n s t  s i x  s t r u c t u r a l  m a t e r i a l s  was measured O v e r  
a spec i f i ed  range of temperatures  l i k e l y  t o  be  encountered i n  use .  
m a t e r i a l s  were s t a i n l e s s  s t e e l ,  n i c k e l ,  tungs ten ,  g l a s s ,  q u a r t z ,  and p,-'ly 
( t e t r a f l u o r o e t h y l e n e ) .  The temperatures  were 25 ,  50, 75 ,  100, 125 ,  and 1 5 O O C .  
The 
I n  add i t ion  t o  t h e  w r i t e r s ,  t h e  fo l lowing  peop le  c o n t r i b u t e d  t o  t h i s  
work: Mrs. Helein Bu l l a rd ,  M r .  Bernard Kidda, M r .  R. Bruce K l e m m ,  ?tr. George 
Lyerly and M r  . Henry Peper . 
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TASK I - EFFECT OF CONTAMINATION ON CONTACT ANGLE 
A. Experimental 
I. Mate r i a l s  
The s o l i d s ,  l i q u i d s  and contaminants used i n  t h i s  work, t h e i r  
sou rces  and/or s p e c i f i c a t i o n s  a r e  t abu la t ed  i n  t h e  Appendix. 
11. Metal Surface P repa ra t ion  
a .  Metal Specimen Planchets  --_ ~~ 
C y l i n d r i c a l  p l a n c h e t s ,  1 i n .  diameter and 0.5 i n .  he igh t  were 
c u t  from 1 i n .  rod s t o c k  of aluminum a l l o y  and t i t an ium a l l o y .  
S t a i n l e s s  s tee l  p l anche t s  were 1 i n .  diameter  and .125 i n .  he igh t  
s i n c e  t h e s e  were made from p l a t e  s tock .  The two f a c e s  of each 
p l anche t  were made p a r a l l e l  and normal t o  t h e  p l anche t  a x i s  by 
g r ind ing  wi th  a Norton t r a v e l l i n g  bed s u r f a c e  g r i n d e r .  
b .  Metal Specimen F in i sh ing  
1. Fino orinrlinq and nre-noliqhino -- A f t e r  t h e  p l e n c h e t  faces 
were s u r f a c e  ground, f i n e  g r ind ing  was done by hand under water on 
- 6 -  
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r 
use with aqueous detergent (Tide) solution. The specimens were immersed 
in the solution and the surfaces gently brushed using a soft camels hair 
brush. 
finally with hot distilled water. 
This was followed by thorough rinsing with hot tap water and 
- 7 -  
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a Lunn-Labor wet grinding table beginning with number 220 grit 
silicon-carbide paper and finishing with number 600 grit silicon- 
carbide paper. 
using Buehler N o .  1 AB Polishing Alumina (aqueous slurry) on a 
Buehler AB silk Polishing Cloth followed by a finer polish using 
Pre-polishing was done on a Fisher polishing wheel 
Buehler AB Gemma No. 3 Polishing Alumina (aqueous slurry) on a 
fresh AB Silk Cloth. 
2. Fine polishing -- Planchet fine polishing was done on the 
Fisher polishing wheel using an aqueous slurry of Buehler Magomet 
on a Buehler Micropore cloth for the aluminum planchets and Buehler 
AB Gamma No. 3 Polishing Alumina on a Buehler Micropore cloth for 
the titanium and stainless planchets. 
3 .  Satinizing -- Fine polished planchets were satinized for 
sandblasting technique studies of the graphite contaminant by a 
using 80-120 mesh silica blown by oil free nitrogen. 
blasting apparatus consisted of an Erlenmyer suction filter flask 
(500 ml) containing the silica and fitted with a rubber stopper 
through which a loose fitting 30 cm. length of 10 mm. glass tubing 
was positioned s o  that its bottom touched the silica. 
gauge was set at 10 psig. The powdered silica was impinged against 
the planchet from a distance of six inches until uniform roughening 
had been obtained. 
c. Metal Specimen Cleaning 
The sand- 
The regulator 
Polished and satinized surfaces were given a final cleaning before 
111. Applicat ion of Contaminant Films 
Contaminants were mechanically spread over t h e  s u r f a c e s  of c leaned 
p l anche t s  and t h e  m a t e r i a l  i n  excess  of a t h i n  f i l m  removed by wicking w i t h  
f i l t e r  paper and/or  b u f f i n g  wi th  absorbent c o t t o n .  
g r a p h i t e  contaminant,  t h e  planchet  s u r f a c e  w a s  s a t i n i z e d  t o  t r a p  t h e  g r a p h i t e  
p a r t i c l e s  and t h e  planchet  was a t  room temperature .  For a l l  o t h e r  contaminants 
t he  p l anche t  s u r f a c e  w a s  po l i shed  and t h e  p l anche t  w a s  heated t o  about 90'C 
t o  f a c i l i t a t e  removal of excess l i q u i d  ( a l l  of t h e s e  contaminants a r e  l i q u i d  
a t  t h i s  temperature) by wicking. 
I n  t h e  case  of t h e  
I V .  Contact Angle Measurements 
Contact ang le s  were determined as p r e v i o u s l y  reported '  by d i r e c t  
measurements on sessile drops of t h e  above s p e c i f i e d  l i q u i d s  r e s t i n g  o n - t h e  
above s p e c i f i e d  s u r f a c e s  using t h e  "NRL (Naval Research Laboratory) Contact 
_. 
__-_ Ang I p- c c ~ i  t e r  'I. 
The procedure was t o  p l a c e  a drop of l i q u i d  on a s u r f a c e  and fo l low 
t h e  change i n  c o n t a c t  a n g l e  as s e v e r a l  small  increments of t h e  l i q u i d  were 
added and then  withdrawn from t h e  drop. 
ang le  b u i l d s  up t o  a r e l a t i v e l y  constant  va lue  (within about ,+ 3') which i s  
termed t h e  advancing c o n t a c t  angle .  
a n g l e  d e c l i n e s  t o  a cons t an t  value which i s  termed t h e  receding con tac t  
angle. 
During t h e  a d d i t i o n  p rocess  t h e  
S i m i l a r l y  a s  l i q u i d  i s  withdrawn t h e  
Measurements of con tac t  angles  were made wh i l e  t h e  s o l i d - l i q u i d  systems 
were i n  a thermostated o p t i c a l  c e l l .  The temperature was c o n t r o l l e d  a t  20 
- + 0.5OC and t h e  gas  phase was a i r  s a t u r a t e d  w i t h  t h e  vapor of t h e  l i q u i d  i n  
t h e  c a s e s  of water and a l coho l  and dry n i t r o g e n  s a t u r a t e d  wi th  t h e  vapor of 
t h e  l i q u i d  i n  t h e  cases  of UDMH and IRFNA where r e a c t i o n  wi th  moi s tu re  and 
C02 i n  a i r  could i n t e r f e r e  wi th  the  measurements. 
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A minimum of s i x  i n d i v i d u a l  measurements of both advancing and receding 
c o n t a c t  angles  were made and averaged t o  o b t a i n  t h e  r epor t ed  va lues .  
A l l  measurements were made wi th  t h e  apparatus  set  up i n  a laminar flow 
c l e a n  hood a s  shown i n  F igu re  1. 
B. R e s u l t s  and Discussion 
I. Water on Contaminated Metal Surfaces  
Table I p r e s e n t s  con tac t  ang le  d a t a  f o r  water  on contaminated me ta l  
s u r f a c e s .  The values  obtained f o r  t h e  s t e a r i c  a c i d  "reference" contaminant 
ag ree  with l i t e r a t u r e  values  showing t h e  adequacy of t h e  techniques and 
procedures used. 
As i n d i c a t e d  i n  Table I ,  high advancing c o n t a c t  ang le s  and lower 
but s t i l l  l a r g e  receding con tac t  ang le s  were observed f o r  water on a l l  
contaminants except g r a p h i t e .  
z e r o  receding ang le s  were observed f o r  g r a p h i t e .  The d a t a  i n d i c a t e  t h a t  t h e  
water  contact  ang le  i s  determined by t h e  contaminant f i l m  wi th  t h e  me ta l  
s u b s t r a t e  having l i t t l e  or  no e f f e c t .  
Moderate advancing ang le s  of about 45' and 
11. Ethanol on Contaminated Metal Su r faces  
Table I1 p r e s e n t s  c o n t a c t  ang le  d a t a  f o r  e t h a n o l  on contaminated 
me ta l  su r f aces .  With few except ions advancing ang le s  a r e  ze ro .  All r eced ing  
ang le s  a r e  ze ro .  The few f i n i t e  advancing ang le s  observed ( s t e a r i c  a c i d  
contaminant on a l l  metals  and t h e  t r i s t e a r i n - t r i o l e i n  mxi tu re  on s t a i n l e s s  
s t e e l )  a r e  r e l a t i v e l y  small .  
111. UDMH on Contaminated Metal Su r faces  
Table 111 p r e s e n t s  c o n t a c t  a n g l e  d a t a  f o r  UDMH on the  va r ious  
contaminant-metal combinations. Only i n  t h e  two c a s e s  of s t e a r i c  a c i d  contaminant 
- 9 -  





3 .  
4 .  
Figure  1. Equipment Used i n  Tasks I and I1 
Inc luding  Laminar Flow Clean Hood 
A 
Contact  ang le  goniometer 
Radioac t ive  e l e c t r o d e  c e l l  
Hot c l ean ing  s o l u t i o n s  
Equipment f o r  measuring, c a l i b r a t i n g ,  and record ing  s u r f a c e  p o t e n t i a l s .  
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on stainless steel and aluminum alloy were finite angles observed and these 
were advancing angles. The receding angles were all zero. 
I V .  IRFNA on Contaminated Metal Surfaces 
A s  indicated in Table IV which presents contact angle data for 
IRFNA on the various contaminant metal combinations, all advancing and 
receding angles were zero or < 5 O .  The value < 5 O  means that the drop had a 
finite boundary when viewed from above but the angle was too small to be seen 
in the goniometer. Also  in Table IV an initial value of contact angle is 
given for IRFNA on the various contaminant-metal combinations. Presumably 
IRFNA forms a finite contact angle with all of the contaminants on stainless 
steel and aluminum initially and almost immediately dissolves or chemically 
attacks the contaminant film and spreads on the underlying substrate. 
C . C ~ i i c  Iiis'lijiis 
There are two important conclusions to this work. 
(1) Of the four liquids studied, only water formed large contact angles 
(both advancing and receding) with virtually all of the metal-contaminant 
combinations. The remaining 3 liquids showed zero receding angles on all 
metal-contaminant systems and with a few exceptions zero advancing angles 
as well. 
(2) The solvent and/or oxidizing power of IRFNA enabled it to remove 
the organic film contaminant and spread on the underlying metal. 
- 10 - 
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TASK I1 - EVALUATION OF CLEANING PROCEDURES 
A. Experiment a 1 
I. Materials 
The s o l i d  me ta l s ,  l i q u i d s  and contaminants were t h e  same as desc r ibed  
above under Task I. The metal  su r f aces  were prepared f o r  u s e  i n  t h e  same 
way and t h e  contaminants were a p p l i e d  t o  t h e  s o l i d  metal s u r f a c e s  i n  the  
same manner. 
11. Sur face  Cleaning Procedures 
Approximately 85 companies were contacted by l e t t e r  r eques t ing  
information on procedures and m a t e r i a l s  f o r  c l ean ing  s p a c e c r a f t  tankage and 
d u c t s .  Approximately h a l f  of t h o s e  contacted r e p l i e d  and of t h e s e  approxi- 
mately h a l f  were unable t o  provide information.  From t h e  approximately 20 
in fo rma t ive  r e p l i e s  t hus  remaining the c l e a n i n g  procedures t o  b e  eva lua ted  
were chosen. 
It was decided t h a t  t h e  c l ean ing  procedures t o  be evaluated should 
m e e t  t h e  fol lowing requirements .  
They should be a c t u a l  c leaning procedures  used in  t h e  i n d u s t r y .  1. 
2. They shoi~lc! not mechanically o r  chemically damage the  f i n i s h  
of t h e  me ta l  s u r f a c e .  
Af t e r  screening t h e  procedures on t h e  b a s i s  of t h e s e  requirements 
a group of procedures was chosen f o r  each me ta l  t o  i n c o r p o r a t e  t h e  widest  
p o s s i b l e  v a r i a t i o n  i n  procedures .  F i n a l l y ,  requirement 1 was r e l axed  t o  t h e  
e x t e n t  t h a t  one o r  two hybrid procedures ( t h e  f i r s t  p a r t  of one Company's 
p rocedures  w i t h  t h e  l a s t  p a r t  of ano the r ' s )  were included t o  provide t h e  
d e s i r e d  v a r i a t i o n .  
- 11 - 
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I 
Tables V ,  V I  and V I 1  p re sen t  t h e  f i v e  c l e a n i n g  procedures s e l e c t e d  
f o r  s t a i n l e s s  s tee l  and t h e  t h r e e  each f o r  aluminum a l l o y  and t i t an ium a l l o y  




I n  g e n e r a l ,  t h e  information r ece ived  i n d i c a t e d  t h a t  t h e  c l e a n i n g  
procedures used f o r  t hese  me ta l s  fol lowing prel iminary mechanical ab ras ion  
or  a c i d d e s c a l i n g  
more of t h e  fol lowing s t e p s :  
s t e p s  t o  remove g r o s s  s u r f a c e  c o a t i n g s ,  comprised 2 or  
1. 
2 .  T rea t ing  wi th  a l k a l i n e  c l ean ing  agent 
3 .  Trea t ing  wi th  a c i d  c l e a n i n g  agent 
The recommended so lven t  f o r  degreasing was u s u a l l y  a c h l o r i n a t e d  
Degreasing wi th  so lven t  o r  d e t e r g e n t  
so lven t  f o r  steel  and aluminum. The u s e  of c h l o r i n a t e d  s o l v e n t s  w a s  p r o h i -  
b i t e d  with t i t an ium and a hydrocarbon s o l v e n t  was recommended. A g r e a t  many 
p r o p r i e t a r y  a l k a l i n e  c l ean ing  agen t s  were s p e c i f i e d .  
agent was moderate s t r e n g t h  n i t r i c  a c i d  w i t h  o r  without  a chromate i n h i b i t o r .  
When both a l k a l i n e  and a c i d  c l ean ing  s t e p s  were used, u s u a l l y  but no t  always 
the a l k a l i n e  c l e a n e r  was used f i r s t .  
were always followed by water r i n s i n g .  
sometimes a ided  by p r i o r  r i n s i n g  w i t h  a v o l a t i l e  so lven t  f o r  water  such a s  
isopropanol .  
The a c i d  c l e a n i n g  
Alka l ine  and/or  a c i d  c l ean ing  s t e p s  
The f i n a l  s t e p  was drying which was 
111. Contact Angle and Sur face  P o t e n t i a l  Measurements. 
Contact ang le  d a t a  were ob ta ined  u s i n g  t h e  same procedure as ou t -  
l i n e d  above f o r  Task I .  
Surface p o t e n t i a l  or  c o n t a c t  p o t e n t i a l  was measured us ing  a d e v i c e  
b u i l t  t o  d u p l i c a t e  the  one d e s c r i b e d  by K. w. Bewig (2 ) .  The experimental  
- 12  - 
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I TABLE V 
CLEANING PROCEDURES FOR TYPE 301 STAINLESS STEEL 
Procedure 1: 
Step  1: Solvent degrease wi th  t r i c h l o r o e t h y l e n e  
S tep  2: Alkal ine c l e a n  wi th  Cee Bee MX39, 140-180°F, 4-6 oz gal-', 20 min. 
S t ep  3 :  Dry 
Procedure 2 : 
Step 1: Solvent degrease wi th  t r i c h l o r o e t h y l e n e  
S tep  2: A lka l ine  c l e a n  wi th  K e l i t e  235, 180-200°F, 16-48 oz gal-', 60 min rnax. 
Step 3:  P a s s i v a t e  wi th  20-40% Aqueous n i t r i c  a c i d  (40" Be) v o l  and 2-4% 
Step  4 :  Dry 
w t  sodium dichromate.  
Procedure 3: 
Step  1: Solvent degrease wi th  t r i c h l o r o e t h y l e n e  
S tep  2: P a s s i v a t e  w i t h  n i t r i c  acid (commercial) 50-55% v01, a t  ambient, 
S t ep  3 :  Alkal ine c l ean  w i t h  Oakite NSS, 8% v01, 120-140°F, f o r  10-15 min. 
S i e p  4 ;  R i n s e  w i i i i  i s u y r o y a n u i  (99 ,?X, c a m t t e L c i a L I  
Step  5: Drv 
30-45 min. 
,\ 
Procedure 4 :  
Step  1: Solvent degrease wi th  t r i c h l o r o e t h y l e n e  
S t e p  2: Alkal ine c l e a n  wi th  K e l i t e  235, 180-200°F, 16-48 oz gal-', 60 min max. 
S tep  3 :  Dry 
Procedure 5: 
S t ep  1: Solvent degrease wi th  t r i c h l o r o e t h y l e n e  
S tep  2: P a s s i v a t e  w i t h  n i t r i c  acid (30% by volume) con ta in ing  4 oz ga1-l  
S t ep  3 :  Dry 
sodium dichromate a t  120-140°F f o r  20 min. 
S p e c i f i c  g r a v i t y  of und i lu t ed  n i t r i c  a c i d  i s  40" Baume equivalent  t o  
61.38%. 
Unless otherwise s p e c i f i e d ,  so lu t ion  pe rcen t  concen t r a t ions  r e f e r  t o  
p r e c e n t  of non-di luted concentrated n i t r i c  a c i d .  
1 
TABLE V I  
CLEANING PROCEDURES FOR 6061T6 ALUMINUM ALLOY 
Procedure 1: 
Step 1: 
Step 2: Passivate with 50-55% nitric acid'at ambient for 30-45 min. 
Step 3: Neutralize with Oakite NSS, 8% by v01, at 130'F for 15 min. 
Step 4: Solvent rinse with isopropanol 
Step 5: Dry 
Solvent degrease with trichlorethylene at ambient for 5 min. 
Procedure 2: 
Step 1: Solvent degrease with trichloroethylene at ambient for 5 min. 
Step 2:  Mild alkaline clean with Oakite NSS, 8% by vol, at 130'F for 
Step 3 :  Passivate with 50-55% nitric acid at ambient for 30-45 min. 
Step 4:. Dry 
15 min. 
Procedure 3: 
Step 1: Solvent degrease with trichloroethylene at ambient for 5 min. 
Step 2: 
Step 3: Dry 
Alkaline clean with Cee Bee MX39, 3.7 oz ga1-l at 180°F for 
20 min. 
Unless otherwise specified, solution concentrations refer to volume 1 
percent of non-diluted concentrated nitric acid. 
7 
1 C...,.-:c: ------ < * - -  - r  U p c L I L l ~  6 ; l a v l L y  UL uiidiluied r i i i r i c  a c i d  i s  43" Baume equivaienc K O  70.33%. 
Unless  o therwise  s p e c i f i e d ,  s o l u t i o n  percent  concen t r a t ions  r e f e r  t o  per -  
c e n t  of  non-di luted concent ra ted  n i t r i c  a c i d .  
TABLE VI1 
CLEANING PROCEDURES FOR GRADE 6 TITANIUM ALLOY 
Procedure 1: 
Step  1: Detergent degrease  w i t h  Oakite NSS, 8% (vol ) ,  a t  130°F f o r  5 
S tep  2:  Pas s iva t e  w i t h  55% (vo l )  n i t r i c  a c i d  (commercial) a t  ambient 
S t ep  3 :  Alkal ine  c l ean  w i t h  Oakite NSS, 8% (vol ) ,  a t  130°F f o r  15 min. 
S t e p  4 :  
Step  5: Dry 
min (minimum) 
f o r  45 min. 
Rinse w i t h  99.9% isopropanol  
Procedure 2:  
S t e p  1: 
S tep  2: Pas s iva t e  wi th  40% n i t r i c  a c i d  (v01)(43O Be) a t  ambient f o r  2 min. 
S tep  3: Dry 
Alka l ine  c l e a n  w i t h  Oaki te  77,  8 o z .  gal- '  a t  180'F f o r  20 min. 
Procedure 3: 
S tep  1: Solvent  degrease wi th  to luene  a t  ambient f o r  5 min. 
S t e p  2 :  Alka l ine  soak c l e a n  wi th  Alkon a t  180'F f o r  20 min. 
S t ep  3: Pass iva t e  w i t h  30% n i t r i c  a c i d  (by vol) con ta in ing  4 oz g a l  
S tep  4 :  Dry 
-1 
sodium dichromate.  
se t -up  appears i n  F i g u r e . 1 .  This instrument  uses t h e  r a d i o a c t i v e  e l e c t r o d e  
or  i o n i z a t i o n  method of determining s u r f a c e  p o t e n t i a l .  
Surface p o t e n t i a l  i s  h igh ly  s e n s i t i v e  t o  minute changes i n  s u r f a c e  
cond i t ions .  Thus when t h i s  measurement i s  c a r r i e d  out  on s u r f a c e s  i n  t h e  
presence of t h e  l abora to ry  atmosphere and a f t e r  r a t h e r  ha r sh  p o l i s h i n g  and 
c l ean ing  procedures ,  a r e l a t i v e l y  poor degree  of r e p r o d u c i b i l i t y  can be  
expected.  Thus p o t e n t i a l  d a t a  a r e  r epor t ed  i n  a manner i n d i c a t i n g  t h e  v a r i a -  
t i o n  i n  va lues  obta ined  a t  va r ious  t i m e s  and w i t h  d i f f e r e n t  specimens used 
dur ing  t h e  course of t h e  work. 
B .  Resu l t s  and Discuss ion  
I .  S t a i n l e s s  S t e e l  
Table VI11 p r e s e n t s  con tac t  ang le  and s u r f a c e  p o t e n t i a l  d a t a  which 
r e f l e c t  t h e  e f f e c t  of f i v e  c l ean ing  procedures  on contaminated s t a i n l e s s  
s t e e l .  For convenience,  con tac t  angles  of water  and a l c o h o l  on contaminated 
s u r f a c e s  from Table  I and I I a r e  repea ted  i n  Table  V I I I .  
All of t h e  c l ean ing  procedures a r e  very  e f f e c t i v e  i n  i n c r e a s i n g  
t h e  water  w e t t a b i l i t y  of contaminated s u r f a c e s .  The g r a p h i t e  contaminant ,  
a s  might be expected,  was less a f f e c t e d  by t h e  c l ean ing  procedures  than  t h e  
o the r  contaminants.  While i t  appears  t h a t  c e r t a i n  c l ean ing  procedures  a r e  
s l i g h t l y  more e f f e c t i v e  than  o t h e r s  w i th  r e s p e c t  t o  s p e c i f i c  contaminants ,  
none of  t h e  c l ean ing  procedures  appears  t o  be  s i g n i f i c a n t l y  more e f f e c t i v e  
on a l l  types of contaminant.  I n  t h e  few c a s e s  where t h e  advancing con tac t  
angle  of alcohnl on contaminated s u r f a c e s  was f i n i t e ,  a l l  of t h e  c l ean ing  
procedures  were a b l e  t o  render  t h e s e  contaminated s u r f a c e s  a l c o h o l  w e t t a b l e  
( ze ro  contac t  ang le ) .  
- 13 - 
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Analysis  of t h e  su r face  p o t e n t i a l  d a t a  i n  Table  V I 1 1  p rovides  t h e  fo l lowing  
observa t ions .  Sur face  p o t e n t i a l  values  f o r  prepared  (pol i shed  and de te rgen t  
cleaned) and contaminated s u r f a c e s  a r e  reasonably  r ep roduc ib le  whereas those  
f o r  c leaned s u r f a c e s  (contaminated su r faces  s u b j e c t e d  t o  a c l ean ing  procedure)  
a r e  poor ly  reproducib le .  The va lues  for g r a p h i t e  a r e  a s p e c i a l  c a s e  because 
of t h e  use  of s a t i n i z e d  p l anche t s .  The prepared and contaminated s u r f a c e  
p o t e n t i a l  va lues  a r e  e a s i l y  d i s t i n g u i s h a b l e  from one another .  On t h e  o t h e r  
hand t h e  va lues  f o r  c leaned  s u r f a c e s  were SO pooyly r ep roduc ib le  t h a t  r epea ted  
de te rmina t ions  ranged a l l  t h e  way from prepared t o  contaminated 
s u r f a c e s  and f r e q u e n t l y  f u r t h e r .  This  d a t a ,  t h e r e f o r e ,  does not  provide  a 
s a t i s f a c t o r y  means of eva lua t ing  c leaning  procedures .  The s a t i s f a c t o r y  r ep ro -  
d u c i b i l i t y  of measurements on prepared and contaminated samples i n d i c a t e s  
t h a t  t h e  method i s  capable  of de t ec t ing  t h e  presence  of contaminants of the 
type  i n v e s t i g a t e d .  Thus t h e  r e s u l t s  on c leaned  s u r f a c e s  a r e  i n t e r p r e t e d  t o  
m o l y !  t h s t  t h e  c l ~ n n i n g  procedures  leave random r e s i d u e s  on the  s o l i d  s u r f a c e s  
t o  which t h e  s u r f a c e  p o t e n t i a l  i s  very s e n s i t i v e  and t h e  contac t  angle  
p r a c t i c a l l y  i n s e n s i t i v e .  
11. Aluminum Alloy 
Table I X  p r e s e n t s  c o n t a c t  angle and s u r f a c e  p o t e n t i a l  d a t a  which 
r e f l e c t  t h e  e f f e c t  of t h r e e  c l ean ing  procedures on contaminated aluminum 
a l l o y .  The format of Table I X  i s  t h e  same a s  t h a t  f o r  Table  VI11 which was 
desc r ibed  above. 
The c o n t a c t  angle  d a t a  i n d i c a t e  t h a t  t h e s e  c l ean ing  procedures  f o r  
aluminum a l l o y  a r e  about a s  e f f e c t i v e  a s  were t h e  procedures  €or s t a i n l e s s  
s t ee l .  Procedure 3 appears  t o  be more e f f e c t i v e  w i t h  r e s p e c t  t o  water  c o n t a c t  
a n g l e  lowering than  procedures  1 o r  2 a l though t h e  d i f f e r e n c e  i s  r e l a t i v e l y  smal l .  
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I n  t h e  few c a s e s  where f i n i t e  a l c o h o l  con tac t  ang le s  were observed on contami- 
nated aluminum a l l o y  a l l  t h r e e  cleaning procedures  brought about a r e d u c t i o n  
i n  t h e  c o n t a c t  ang le  t o  ze ro .  
Surface p o t e n t i a l s  followed a p a t t e r n  s i m i l a r  t o  t h a t  observed w i t h  
s t a i n l e s s  s teel .  That i s ,  good r e p r o d u c i b i l i t y  of measurements f o r  prepared 
and contaminated s u r f a c e s  and poor r e p r o d u c i b i l i t y  f o r  t h e  cleaned s u r f a c e s .  
The values  f o r  t h e  s u r f a c e  p o t e n t i a l  f o r  prepared and contaminated s u r f a c e s  
a r e  of cour se  d i f f e r e n t  from those obtained wi th  s t a i n l e s s  s teel .  The poor 
r e p r o d u c i b i l i t y  of t h e  values  f o r  cleaned s u r f a c e s  aga in  i n d i c a t e s  t h a t  
r eagen t s  used i n  t h e s e  cleaning procedures leave random r e s i d u e s  on t h e  
s u r f a c e s  which have a l a r g e  e f f e c t  on s u r f a c e  p o t e n t i a l  and a n e g l i g i b l e  
e f f e c t  on c o n t a c t  ang le .  
111. Titanium Alloy 
Table X p r e s e n t s  con tac t  angle and s u r f a c e  p o t e n t i a l  d a t a  f o r  t he  
c l e a n i n g  procedures  eva lua t ion  
i s  a g a i n  t h e  same a s  t h a t  used 
E s s e n t i a l l y  t h e  same 
ang le  and s u r f a c e  p o t e n t i a l  as  
w i t h  contaminated t i t a n i u m  a l l o y .  The format 
f o r  Tables VI11 and I X .  
p a t t e r n  of r e s u l t s  both w i t h  r e s p e c t  t o  con tac t  
was observed wi th  s t a i n l e s s  s tee l  i s  shown i n  
Table X.  Procedures 1 and 3 appear t o  be  a l i t t l e  more e f f e c t i v e  than procedure 
2 a s  i n d i c a t e d  by water con tac t  angles  bu t  t h i s  d i f f e r e n c e  i s  indeed small .  
Su r face  p o t e n t i a l  values  tend t o  be more l i k e  those  f o r  s t ee l  which 
i s  i n  c o n t r a s t  t o  t h e  values  f o r  aluminum which were s i g n i f i c a n t l y  d i f f e r e n t  
t han  t h o s e  f o r  s tee l .  Again, poor r e p r o d u c i b i l i t y  of t h e  vFlues f o r  cleaned 
s u r f a c e s  i s  observed suggest ing t h e  ex i s t ence  of r e s idues  from the  c l ean ing  
agen t s  . 
- 15 - 
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C . Conclusions 
All of t h e  cleaning procedures i n v e s t i g a t e d  f o r  each of t h e  t h r e e  metals  
were reasonably e f f e c t i v e  i n  rendering contaminated s u r f a c e s  h y d r o p h i l i c .  
None were completely e f f e c t i v e  and no one was c l e a r l y  supe r io r  over a n o t h e r .  
I n  t h e  few c a s e s  f o r  each me ta l  where t h e  contaminated s u r f a c e s  were a l c o h o l -  
phobic,  a l l  c l ean ing  procedures were a b l e  t o  render  t h e  s u r f a c e s  a l c o h o l - p h i l i c .  
- 16 - 
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TASK I11 - EFFECT OF TEMPERATURE ON THE CONTACT ANGLE OF MIERCURY 
A .  Experimental  
I. Mate r i a l s  
a .  S o l i d s  
1. S t a i n l e s s  s t e e l ,  Type 347 
2 .  Nickel ,  e l e c t r o l y t i c  grade  
3 .  Tungsten, e s s e n t i a l l y  pure  w i t h  fo l lowing  l i m i t s  on 
i m p u r i t i e s .  
Not more than  100 PPM t o t a l  of L i ,  Nay K, and Rb 
Not m o r e  than  15 PPM t o t a l  of Cu 
Not more than 10 PPM t o t a l  of Ag 
Not m o r e  than  100 PPM t o t a l  of Ca: S r ,  Bay B e ,  and Mg. 
Not more than  75 PPM t o t a l  of B and A 1  
Not more than  150 PPM t o t a l  of  Ciky:, SiJc;k+:, Sn, Pbik, T i ,  Z r ,  Hf*, and Thy:. 
Not m o r e  t han  50 PPM t o t a l  of Sbik and B i  
Not more than  200 PPM t o t a l  of C r  and Mo 
Not more than  25 PPM t o t a l  o f  Mn 
Not m o r e  than  150 PPM t o t a l  of Fe+c$:ikik , Coy Niik*ik ik ,  Ru, Rh, Pd, O s  , Ir 
and P t .  
*Emission spec t rograph  " l i m i t  of d e t e c t i o n "  l e v e l s  a r e  accep tab le .  y d . 3 0  PPM max., 
5 .  Quartz,  fused 
6 .  Tef lon  
b .  Liquid 
1. Mercury, t r i p l e  d i s t i l l e d  
Har r i s  Research L a b o r a t o r i e s ,  I n c .  
111. S o l i d  Surface P repa ra t ion .  
S t e e l ,  n i c k e l  and g l a s s  specimens were c u t ,  ground f l a t  and po l i shed  
u s i n g  t h e  same procedures a s  were used t o  prepare s u r f a c e s  f o r  Task I. 
Tungsten samples were supp l i ed  by NASA, and were s p e c u l a r  f i l m s  on me ta l  
suppor t s .  Quartz  specimens were received from t h e  s u p p l i e r  
i n  a po l i shed  cond i t ion .  
specimens on f600 g r i t  carborundum paper and p o l i s h i n g  t o  a specu la r  f i n i s h  
on a wheel covered wi th  s i l k  c l o t h  w e t  w i t h  water.  
Teflon su r faces  were prepared by abrading 
A l l  specimehs were given a f i n a l  de t e rgen t  c l ean ing  b e f o r e  use  a s  
desc r ibed  above under Task I. 
I V .  Contact Angle Measurements 
Contact ang le s  were measured by d i r e c t  measurements on sessile drops 
us ing  a con tac t  ang le  goniometer pa t t e rned  a f t e r  t h e  "NRL" goniometer used 
2nd +scribed ur.ler Tss;< I. Mnnr..rr\mnntr. -1n-n ."-a- --I.< 1 - +I.- 1-1; a I - - - - - - - - -  
S Y ~ L L C ; L I I  wab i n  e iheimusrared q i i ~ a i  ~ e i i .  I L A ~  Lemperarure wab ~ c l n i i u i i e c i  
by c i r c u l a t i n g  s i l i c o n e  f l u i d  through t h e  c e l l  from a cons t an t  temperature 
b a t h .  
25, 50, 75, 100, 125 o r  1 5 O O C  i n  the c e l l .  A mercury thermometer w a s  used 
t o  determine and monitor t h e  temperature i n  t h e  c e l l .  
& L C - " L ) U * C I L L L I I C . 3  V I C - L C ;  L L L C I U F ;  W ' l l l C  LllC J " L L U 1 U 1 5 L L U L  y 
*-I -. 
The b a t h  was r e g y l a t e d  so a s  t o  produce t h e  d e s i r e d  temperature  of 
The con tac t  ang le  thermostated c e l l  was placed i n  a c o n t r o l l e d  
atmosphere glnvc hnx enclr?sl-lre in nrder t r ?  prnvicle 1-n atmnspherp- cf dry 
n i t r o g e n  f o r  t h e  sol id/mercury systems. 
shown i n  F igu re  2. 
viewed through t h e  goniometer. I n  p r e p a r a t i o n  f o r  measurements t h e  enc losu re  
was f l u s h e d  w i t h  dry n i t r o g e n  u n t i l  t h e  atmosphere was a t  l e a s t  99.5% N2. 
During measurements a r e c i r c u l a t i o n  system was put  i n t o  o p e r a t i o n  which maintained 
A close-up view of t h e  apparatus  i s  
F igu re  3 shows t h e  appearance of a mercury drop a s  
. 18 - 
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Figure 2. APPARATUS FOR OBSERVING CONTACT ANGLES 
OF MERCURY ON SOLID SURFACES. 
d d d 0 
1. Goniometer telescope used for observing contact angles. 
2. Micropipette used for adding or withdrawing mercury. 
3 .  Thermostated glass cell used to maintain constant temperature environment. 
I 4 .  Micromanipulator used to position the micropipette. 
Figure  3 .  MERCURY DROP P R O F I L E  AS OBSERVED 
THROUGH THE CONTACT ANGLE GONIOMETER 
i 
1. 
2 .  iviercury d r o p .  
3 .  
4 .  
P i p e t t e  t o  add o r  withdraw mercury. 
S u r f a c e  p l ane  of s o l i d  specimen. 
R e f l e c t i o n  of mercury drop on s u r f a c e  p l ane  of  s o l i d  specimen. 
t h i s  atmosphere. 
systems i s  shown i n  Figure 4 .  Analyses of t h e  gas atmosphere w i t h i n  t h e  
enc losu re  were accomplished by gas chromatography using a 1 3 X  molecular 
sieve column a t  a cons t an t  temperature of 2 8 O C .  
A schematic diagram of t h e  gas f l u s h i n g  and c i r c u l a t i o n  
The procedure f o r  ob ta in ing  advancing and receding con tac t  ang le s  
as desc r ibed  under Task I was followed. With t h e s e  solid/mercury systems, 
however, t h e  advancing and receding ang le s  as de f ined  under Task I were no t  
s t a b l e .  The angle  observed immediately a f t e r  adding a small  amount of mercury 
t o  t h e  drop o r  t h e  advancing angle ,decreased s t e a d i l y  t o  a lower cons t an t  
value.  Likewise, t h e  ang le  observed immediately a f t e r  withdrawing a s m a l l  
increment from t h e  drop,  o r  t h e  receding ang le ,  i nc reased  s t e a d i l y  t o  a l a r g e r  
cons t an t  value.  It was decided t h a t  a l l  fou r  ang le s  should be r e p o r t e d ,  i . e . ,  
(1) t h e  maximum ang le  observed immediately fol lowing an incremental  a d d i t i o n  
of mercury t o  a sess i le  drop i n  t h e  course of s e v e r a l  such a d d i t i o n s ,  o r  
t h e  maximum advancing ang le ,  (2)  t h e  e q u i l i b r i u m  advancing ang le  o r  t h e  
cons t an t  angle t o  which t h e  maximum advancing a n g l e  f a l l s ,  (3) t h e  minimum 
receding angle which corresponds t o  t h e  maximum advancing ang le  and ( 4 )  t h e  
equ i l ib r ium receding ang le  or  t h e  cons t an t  a n g l e  t o  which t h e  receding ang le  
rises. 
It should be noted t h a t  t h e  decay o r  change of t h e  i n i t i a l l y  
observed advancing and receding ang le s  t o  t h e  equ i l ib r ium va lues  took p l a c e  
r a t h e r  r a p i d l y ,  u s u a l l y  wi th in  10-30 seconds,  and was probably a c c e l e r a t e d  
by t h e  s l i g h t  i nhe ren t  v i b r a t i o n  i n  t h e  system. 
B. R e s u l t s  and Discussion 
Table X I  p r e s e n t s  t h e  c o n t a c t  ang le s  o f  mercury on t h e  s i x  s o l i d  s u r f a c e s  
a t  t h e  s i x  temperatures .  All of t h e  ang le s  are h igh  and very l i t t l e  d i f f e r e n c e  
- 19 - 
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Figure  4 .  A npa-sca le  schematic  sketch of t h e  gas  f l u s h i n g  and c i r c u l a t i n g  
.system f o r  t h e  enc losure  used f o r  mercury con tac t  ang le s .  
I" 
I 
h/l S I L I C A  GEL 
v v  
0 < 
The system opera tes :  
F lush ing  
Valve 1 Open 
Va lve 4 Open 
Va lve 6 Open 
A l l  o t h e r s  c losed  
GLOVE 
BOX 
Valve 2 i s  an  excess  p r e s s u r e  vent 
C i r c u l a t  i n% 
Valve 1 Open 
Valve 3 Open 
Valve 5 Open 
Valve 6 Open 
All o t h e r s  c losed  
TABLE X I  
CONTACT ANGLES OF MERCURY ON POLISHED SOLIDSUBSTRATES AT VARIOUS TEMPERATURES 
S o l i d  Surface  
Tungsten 
Max adv 
Equi l  adv 
Equi l  r e c  
Min r e c  
S t a i n l e s s  S t e e l  
Max adv 
Equi l  adv 
Equi l  r e c  
Min r e c  
Nickel  
Max adv 
Equi l  adv 
Equi l  r e c  
Min r e c  
Quartz 
Max adv 
Equi l  adv 
Equi l  r ec  
Min r e c  
Glass 
Max adv 
Equi l  adv 
Equi l  r e c  
Min r e c  
Tl?E 
Max adv 
Equi l  adv 
Equi l  r e c  
Min r e c  
Mea suremen t Temper a t u r e  
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d 
is observed between the "high energy" surfaces of tungsten, steel, nickel, 
quartz and glass and the "low energy" surface of Teflon. 
contact angle with temperature is very small for all solid/mercury systems. 
Only in the case of Teflon is the variation significantly larger than the 
The variation in 
accepted experimental error in contact angle measurements. 
the contact angle-temperature relation although small is positive with all 
solid/mercury systems. It is quite reasonable that the temperature coeffi- 
cient of the contact angle should be small since the temperature coefficients 
of the interfacial tensions acting at the three phase boundary (which determine 
the contact angle) should be almost equal. 
The slope of 
It can be seen from Table XI that the equilibrium advancing and equili- 
brium receding angles are the same and also just about at the arithmetic mean 
of the maximum advancing and minimum receding angles. 
this, if any, is not apparent. 
The significance of 
For each solid/mercury-temperature combination the four angles were 
reported because it was believed that any one might be important depending 
upon the application. In terms of relating this data to other contact angle 
data in the literature it appears probable that the maximum advancing angle 
should be used. This recommendation is based on the fact that the value for 
Teflon/mercury at 25'C in Table XI (157') checks quite well with the 
literature value (150') (3). 
C . Conclusions 
There are two important conclusions to the Task 111 work. 
1. Mercury forms large contact angles, of the order of 150°, with 
all of the solid surfaces studied. 
-20  - 
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2. The contact angle of mercury on the various solid surfaces studied 
increases very slightly, i.e., about 10 or 15' over the temperature range of 
25 to 150OC. 
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APPENDIX 
TABLE X I 1  - MATERIALS 
a .  S o l i d s  
1. S t a i n l e s s  S t e e l ,  Type 301 
2. Aluminum a l l o y ,  Type 6061T6 
3 .  Titaniiiia a l l o y ,  5% Aluminw,, 2.5% Tin,  ASTM B 2 6 5 - 5 8 ~  
Grade 6 
b. Liquids 
1.  Water, Free of organic matter,  inorganic  contamination less 
t h a n  0.5 ppm, r e s i s t a n c e  no less than  0.6 megohms p e r  cc  
a t  2OOC. 
2. Ethanol,  Chemically pure,  undenatured, anhydrous (200 proof)  
3 .  Unsymmetrical - "uililieilly1 - fiydraziiie (L%:-E:) Spec. 
D-25604B 
4 .  I n h i b i t e d  Red Fuming N i t r i c  Acid (IRFNA) M i l  Spec 
P- 7 2543 (I I I B )  
c .  Contaminants 
1. S t e a r i c  Acid - Octadecanoic Acid, Armour Research Div i s ion ,  
Armour and Co.,  Lot 421-281. 
".. l n i s  material was chosen s s  --c------- o n - t o r n - i n p n t  
L S L C L  511b.5 L"VL'LU."**.U.IL.. It 
would produce a f i l m  of a pu re  chemical t h e  w e t t i n g  of 
which by water has been r epor t ed  i n  t h e  l i t e r a t u r e .  
2 .  Ole ic  Acid - "Purified" F i s h e r  S c i e n t i f i c  CO., Lot NO.  733324. 
3 .  Mixture of T r i - s t e a r i n  (25% w t  .) (#1380 D i s t i l l a t i o n  Products 
I n d u s t r i e s )  Tri-Olein (Wilmar Glyceryl  t r i o l e a t e ,  
- 2 2  - 
Harris  Research Labora to r i e s ,  Inc .  
Wilson-Martin Divis ion,  Wilson and Co., I n c .  
These m a t e r i a l s  were chosen s i n c e  they  are c o n s t i t u e n t s  of 
human s k i n  o i l s  t h a t  might be t r a n s f e r r e d  t o  rocke t  tankage 
i n  handl ing.  
4 .  
5.  Naphthenic O i l  - Circo Med O i l ,  Sun O i l  Company. 
P a r a f f i n  O i l  - USP, F i s h e r  S c i e n t i f i c  Co., Lot No. 745017 
These m a t e r i a l s  were chosen 2s representative 95 cutt ing and 
gr ind ing  o i l s  t h a t  might be l e f t  on rankage fol lowing t h e s e  
ope ra t ions .  
6 .  Asphalt - f3950 Road Aggregate Sample from Nationa Bureau 
of Standards.  
7 .  Graph i t e  - Technical  g rade ,  F i s h e r  S c i e n t i f i c  Company, 
Lot No. 784024. 
These m a t e r i a l s  were chosen as t y p i c a l  of t h e  r e s i d u e  t h a t  
would b e  l e f t  on tankage fo l lowing  prolonged exposure t o  atmos- 
p h e r i c  contaminants.  
23 - 
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